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Introduction
The microfluidics has been witnessed significant developments in design, fabrication and experiments of lab-on-a-chip (LOC) platforms during the past decade 1 . As an interdiscipline, this fascinating field of technology has found broad applications in sample preparation, clinical diagnosis, chemical analysis and electronics industries 2, 3 . One of the pivotal applications of microfluidics is to separate target cells from the mixture of biomedical samples based on their unique biophysical signatures 4 . Separation of biological objects is a primary step in preparative application such as point of care diagnosis.
Microfluidic techniques were divided into active and passive approaches according to the source of the manipulating force. Active manipulation utilises external energy such as acoustophoresis 5 , magnetophoresis 6 and dielectrophoresis(DEP) [7] [8] [9] , whereas passive methods utilise intrinsic hydrodynamic phenomena or the channel geometry such as pinched flow fractionation (PFF) 10 , deterministic lateral displacement (DLD) 11, 12 , hydrophoresis [13] [14] [15] and inertial microfluidics [16] [17] [18] . Typically, the active techniques have the capability to precisely control the target particles and can be tuned in real-time, which allows the microfluidic devices more flexible and powerful. Due to its great potential DEP has made big progress in manipulating particles. Direct current (DC) DEP using electroosmosis flow to drive particles is pumpless method 19 . However, high voltage applied to the microfluidic device may generate Joule heat, not only resulting in the presence of bubbles, but also in a temperature distribution inside the channel. Also, the Joule heating phenomena is present in alternating current (AC) DEP, which employs AC signal to form non-uniform electric field. Beech et al. 20 proposed the arrays of insulator structures embedded in the channel for separation of polystyrene beads by the application of moderate (100 V cm -1 ), low frequency (100 Hz) AC electric fields. Two-dimensional and three-dimensional microelectrodes were proposed for cell separation based on size differences or dielectric property 21 22 . Recently, a novel DEP-based approach was proposed by Song et al. 23 , who utilised on/off AC signal for sorting stem cells and their differentiation progeny. In the above approaches, the accurate control of sheath flow is a key factor that determined the separation performance as an inappropriate ratio of sheath flow and sample flow will deteriorate the separation efficiency. In comparison to the active approaches, a passive microfluidic platform is always easy and reliable to manipulate particles using the specific channel structures and sheath flows. Though the passive micro-channel can be easily parallelised, the fixed geometry and design of passive devices limit their operation range. Therefore, hybrid techniques are emerging to fill this gap, which take advantage of the merits of both active and passive methods.
Endeavours to employ external fields to passive techniques have been developed in the past. Wu et al. 24 reported a tunable PFF, which combined PFF and electroosmotic flow to tune the size separation of particles and separate E. coli and yeast cells. The combination of DEP and DLD was implemented by Beech et al. 20 to improve the sorting efficiency. This combined technique could not only separate particles with regards to size, it could also polarise them. Another impressive work was proposed by Zhang et al. 3 who successfully coupled DEP with inertial focusing. The focusing patterns and positions of the particles can be continuously adjusted by electric field in a high-throughput manner. Yan et al. 25 combined DEP with hydrophoresis to make hydrophoretic devices more tunable and flexible. Later, this technique was demonstrated to isolate plasma from whole blood and separate particles with regards to their sizes and dielectric properties 26, 27 . Here, based on our previous work [25] [26] [27] , the further work is done to enable the DEP-active hydrophoretic device achieve dual-function (e. g. filtration and separation) in a single chip. The main objective of the current study is to develop an integrated microfluidic device combining hydrophoresis and DEP for particle separation and filtration. Two modes, i.e., filtration and separation modes, will be implemented in a single chip and can be switched by changing the voltages. The merits of the present effort lie in avoiding clogging and membrane-free. Compared to the conventional dead-end filtration, where the fluid direction is typically perpendicular to the filtration structure 28, 29 , the flow direction in our current device is parallel to the filtration microposts. Therefore, the problem of jamming is avoided. Cross-flow filtration suffers from membrane fouling, which limits the device to one-single use due to the sterility issue in most biological applications 30, 31 . The membrane-free property of our technique allows repetitive use, which is cost-effective for many applications.
Additionally, the micro-posts involved in the microchannel serve as a repurifying unit, which further improve the separation efficiency compared to our prior research 27 .
The remainder of this paper is organized as follows. Section 2 will introduce material and methods including methodology, modelling, and experimental details. The main results will be presented in Section 3 which include particle filtration and separation based on the external electric field. The main conclusions will be drawn in Section 4. Figure 1 (a) The schematic of DEP-active hydrophoretic device for particle filtration. The microchip consists of a PDMS slab with micro-channel and a glass slide with interdigitated electrodes. Both large and small particles can be focused onto the right sidewall under external electric field in the front section of the channel. After entering the latter section, all beads cannot pass through the gap between micro-posts and right sidewall under the low voltage and therefore purified water can be collected from the Outlet 2 (right inset). (b) An overview of DEP-active hydrophoretic device for particle separation. Small and large particles can be separated by the microposts embedded in the micro-channel at the high voltage. Particles with the diameters of 3 μm and 10 μm are collected from the different outlets (right inset).
Material and methods

Methodology
The time-average of DEP force F DEP , are given by 32 :
where ε m is the absolute permittivity of the suspending medium, and r donates the particle radius, ▽E 2 is the gradient of the square of the applied field E, Re indicates the real part.
K(ω) refers to the Clausius-Mossotti (CM) factor which depends on the complex 
where ε * =ε-iσ/ω(i 2 =-1) is the complex permittivities, σ is the electrical conductivity, and ω is the frequency of the electric field. The subscripts (p,m) represents the particle and suspending medium, respectively. The K(ω) factor, a dominating role in DEP force, represents the dielectric properties of particles and suspending medium under different frequencies of the electric field applied. If the permittivity of a particle is greater than that of the suspending medium (K(ω)>0), a positive DEP is generated in this mode, where the particle migrates to the region of a strong electric field. However, if K(ω)<0, the motion of the particle is repelled from the region of a strong electric field, which is termed negative DEP.
According to the equation (1), the DEP force relies on the square of the applied field, which implies that the larger the electric field applied, the greater DEP force will act on the particles. Also, the CM factor is a key parameter, which is ranging from -0.5 to 1. According to the previous work of Park et al 21 , the K(ω) of polystyrene particles is -0.5 at a frequency of 1MHz, which means particles will exert maximum negative DEP force. Additionally, the DEP force is related to the particle size.
Hydrophoresis utilises a steric hindrance mechanism to separate or focus particles under a pressure gradient induced by anisotropic flow resistance 33 . Particles suspended in the medium will follow the rotational flows. When a particle is comparable in size with the height of the channel (h), the particle motion depends on a kind of steric hindrance mechanism, which deflects the particles from their streams and lead to a new equilibrium position called hydrophoretic ordering 34 . The hydrophoretic equilibrium position (L p ) depends on the following dimensionless parameters as experimentally studied 35 :
where w is the channel width and d is the diameter of the particle. Re is the Reynolds number which is defined as Re = ρuL/μ where L is a characteristic linear dimension of the fluidic channel, u is the velocity of the liquid, μ is its viscosity, and ρ is its density. A particle satisfying h ≤ 2d can focus to an equilibrium position 36 . A particle, however, with the diameter less than the half of the channel height will follow the rotational flows generated by microgrooves and move back and forth in the channel.
In this DEP-active hydrophoretic device, although the real channel height cannot be change any longer, the position of a particle in the height direction can be tuned by exerting negative DEP force. Increasing the electric field will levitate particles to higher positions in the channel, which is equivalently treated as reducing the channel height. In such circumstance the small particle unsatisfying h ≤ 2d can still focus to an equilibrium position under the appropriate applied voltage.
This DEP-active hydrophoretic microchip consists of a polydimethylsiloxane (PDMS) slab with micro-channel and a glass slide with interdigitated electrodes. The front section of the micro-device is a DEP-active hydrophoretic focuser for particle focusing, while the latter section is for particle filtration or separation (Fig. 1) . In the front section, interdigitated electrodes were patterned onto the bottom of the channel so that particles exerting a negative DEP force were pushed into a narrow space. As a result, particles formed the hydrophoretic ordering would have an equivalent path in the front part and remain along the right sidewall.
Once entering the latter section of the channel, the large particles with 10 μm in diameter will go through the gap between micro-posts and the right sidewall at the relatively high voltage (36 V p-p ) in the separation mode (Fig. 1b) , whereas they will not at the relatively low voltage (24 V p-p ) in the filtration mode (Fig. 1a) . For 3 μm beads, they are unable to pass through the gap under any voltage applied in this experiment. Therefore, there are two different working modes based on different voltages. The first mode, called filtration mode, is that both 3 μm and 10 μm particles cannot pass through the gap under the low voltage and therefore purified water can be collected from the Outlet 2 (Fig. 1a) . In another mode named separation mode, 3 μm and 10 μm particles can be separated by the microposts embedded in the micro-channel at the high voltage (Fig. 1b) . Finally, 3 μm and 10 μm particles are collected from the different outlets (Fig. 1b) . The series of microposts serve as pressure shunts to balance the pressure between Outlet 1 and Outlet 2. Additionally, 10 μm particles are larger than the minimum space between neighbouring microposts (8 μm), indicating that large particles will not pass the microposts, which improves the separation efficiency. This passive method is simple, reliable and avoids any disturbances from downstream in the device, such as removal and insertion of tubes for collection 37 .
Modelling
In order to better understand the movements of particles, a commercial multiphysics modeling software package COMSOL was used to calculate the particle trajectories (Fig. 2) . The modeling details to set the parameters for this simulation can be found in our work 26 . In the current modeling, the laminar flow module was utilised to solve the fluid flow in the three-dimensional model. No-slip boundary condition was set to the channel walls. The physical property of fluid was set to incompressible flow. The field flow inside the channel can be solved in the "Navier-Stokes Mode". Stationary study was chose for the laminar flow module. The electric currents module was employed to calculate the non-uniform electric field generated by activated electrodes. A frequency solver was used to compute the electric field. Finally, the particle tracing module can couple DEP force and drag force to simulate the particle trajectories. The equation of DEP force has been described in the methodology section. The drag force is expressed as F drag =-3πudμ. The dielectric properties for suspending medium and polystyrene beads are as followed: ε p =2.55, σ p =0, ε m =78.5, σ m = 0.0001 S/m. Time-dependent study was performed to predict the particle trajectories. The time for beads migrating in the channel was set to 3 s and the interval time was set to 10 -4 s, which provided smooth particle trajectories. The simulation model was divided into 1,542,589 tetrahedrons. The particles injected into the channel have a diameter of 10 μm and migrate under a flow rate of 5 µl min -1 . Fig. 2a shows the movements of particles in the DEP-active hydrophoretic channel at a voltage of 24 V p-p . In the front section of the channel, particles were gradually levitated due to the negative DEP force induced by electrodes embedded at the bottom of the channel. Hydrophoretic ordering occurred to keep particles moving along the right sidewall of the channel. Particles flowed into the latter region following the spreading flow profile. However, particles could not enter the gap between microposts and right sidewall as their lateral position was larger than this gap (150 μm). At 33 V p-p , particles were pushed to higher positions in the channel. Thus, particles moved so close to the right sidewall that they could pass through the gap and be collected from Outlet 2 (Fig. 2b) . The lateral positions can be tuned by external electric field, which provides the opportunity to filter or separate particles.
Experimental details
Fluorescent micro-particles with diameters of 3, 5 and 10 μm (Thermo Fisher Scientific., product number R0300, G0500 and G1000 and coefficient of variation 5%, 5% and 5%, respectively) were used in our experiments. They were prepared in deionized (DI) water, with 0.1% Tween 20 (Sigma-Aldrich, Product No. P9416) added to this particle suspension to stop the beads from sedimentation. The final concentration of beads for particle movement study was in the order of 10 5 beads per millilitre. For filtration and separation, the concentration of bead mixture was ~1×10 6 particles ml -1 and the concentration ratio of 3 μm particles to 10 μm particles was about 1:1. A mixture containing 5 µm and 10 µm beads were prepared for separation experiment with concentrations of ~560 and 420 particles µl -1 for 5 µm and 10 µm beads.
The PDMS microfluidic channel was fabricated using a two-step photolithography technique. Detailed information for this fabrication technique can be found in our previous work 26, 38, 39 . Here a brief introduction is given. The first layer of photoresist (SU-8 2025,
MicroChem Co., Newton, MA) was spun on the silicon wafer with a height of 35 μm. After exposure and baking, the second layer with the pattern of grooves was fabricated using the same procedure and the pattern was aligned with the structures in the first layer. After the double-layer mold was developed, it was then treated by trichlorosilane to deposit a monolayer of silane on the surface for the ease of PDMS release. Sylgard 184 elastomer base and curing agent (Dow Corning Corporation, Midland, USA) were mixed evenly in a ratio of 10:1. The PDMS mixture was then poured onto the mold and then totally degassed under a vacuum chamber. After baking, the PDMS replica was peeled off the silicon wafer and inlet and outlet holes were punched with the tip of a custom made needle. After treating the flow layer and control layer with plasma (PDc-002, Harrick Plasma, Ossining, NY) for 3 min, the hydrophoretic channel was sealed with a glass slide patterned with interdigitated electrodes (see Supplementary information Fig. 1 ).
The dimensions of the interdigitated electrodes and microfluidic channel are described below. The spacing and the width of the electrodes were both 20 μm (Fig. 1) . The front region of hydrophoretic channel consisted of a series of grooves with a small curvature of 600 μm and a large curvature of 650 μm. The width of the latter section was W 2 =800 μm, while the width of the front section was W 1 =200 μm wide and its length was 10 mm. The gap between the microposts and right sidewall of the channel was W 3 =150 μm.
The experiments were conducted on the stage of an inverted microscope (CKX41, Olympus, Japan). Distilled (DI) water with 0.1% Tween 20 was injected into the channel using a syringe pump (Legato 100, KD Scientific, Holliston, MA) to ensure that the polystyrene particles would not attach to PDMS surfaces during the experiment. The microfluidic channel was afterwards filled with air-bubble free particle suspension. During experiments, the flow rate of particle suspension was maintained at 5 µl min -1 using a syringe pump (Legato 100, KD Scientific, Holliston, MA). A sinusoidal AC signal with frequency 1
MHz was generated by a waveform generator (33250A, Agilent, USA) and then amplified by an RF power amplifier (TIA-1000-1R8-2, Mini-Circuits, USA). The sliver wires soldered onto the pads were connected to the power amplifier to activate the electrodes. The images of fluorescent particles were recorded through a fluorescent filter and a 4× objective with a CCD camera (Rolera Bolt, Q-imaging, Australia). Q-Capture Pro 7 (Q-imaging, Australia), was used to post-process images. Particle samples collected from Outlet1 and 2 were analysed using a haemocytometer to quantitatively evaluate the separation efficiency and filtration performance. 3 Results and discussion
Movements of 10 µm particles
Since the working modes are determined to the movements of the large beads in the microfluidic channel, the conditions of focusing 10 µm particles are first studied. The effect of voltage on the focusing positions of 10 µm fluorescent particles is shown in Fig. 3 . The particles with a diameter of 10 µm were injected into the microchip and distributed themselves evenly at the inlet as the voltages varied from 24 to 39 V p-p . Fig. 3a shows trajectories of particles along the whole channel, which agree reasonably well with the simulation result shown in Fig. 2a . Beads forming the hydrophoretic ordering were focused along the right sidewall of the channel. Fig. 3b shows the optical micrographs of particle trajectoires of 10 µm particles passing the gap under various voltages. 
V p-p
Whether the beads go through the gap between microposts and right sidewall or not is dependent on their lateral positions. Choi and Park 40 reported that the lateral positions of the beads decreased when the height of the channel was lowered. Actually, applying a higher voltage can be the equivalent of reducing the channel height as the particles are pushed into a narrower space and can only migrate in the restricted area. That is, particles move closer to the sidewall of the channel with the increase of voltages. At the voltage of 33 V p-p or above, all 10 µm particles passed through the gap between microposts and right sidewall, whereas they could not pass through at relatively low voltage. Once 10 µm particles entered the area of Outlet 2, they were unable to pass through the gap between microposts as the particle diameter was larger than the minimum space between microposts (8 µm). Also, 10 µm particles could not move from the area of Outlet 1 to Outlet 2 with the same principle. Therefore, the microposts embedded in the microchannel can significantly improve the separation and filtration performance. 
Movements of 3 µm particles
To investigate the capability of this microchip for simultaneously manipulating beads with different sizes, the particle trajectories of 3 µm particles were tested under the same conditions as that of 10 µm particles (Fig. 4) . The optical micrographs in Fig. 4a show that the particles assumed a hydrophoretic ordering and focused themselves onto the right sidewall of the channel under the voltage of 24 V p-p . Fig. 4b shows the particle trajectories in the latter part of the channel with the voltage ranging from 27 to 39 V p-p.
The voltage had little effect on the lateral positions of 3 µm particles which means that the higher voltages were unable to push the small particles to higher equilibrium position in the z-direction. Since the DEP force on the particle is proportional to the cube of their diameter, 3 µm particles experience weaker DEP forces. Additionally, DEP force decreases exponentially with increasing the distance above the electrodes. Based on above reasons, the DEP force was insufficient to push particles to higher position in the channel. Therefore, Because the hydrodynamic resistance at Outlet 1 was larger than that at Outlet 2 due to the special design, beads with a diameter of 3 µm would not pass through the gaps between microposts and tend to go out from Outlet 1. 
Filtration of particles
Filtration was conducted with 3 µm diameter (red) and 10 µm diameter (green) fluorescent particles based on the particle trajectories under different working conditions in the previous sections. The mixture of 3 µm and 10 µm particles was introduced into the micro-channel with a voltage of 24 V p-p . Similar patterns were obtained from different particles, except for the focusing positions. 3 µm and 10 µm particles could not pass through the gap between micro-posts and right sidewall and were collected from Outlet 1 (Fig. 5a) . As a result, the fluid through the Outlet 2 contains very little micro-particles. Fig. 5b and c show the fluorescent images of beads collected from inlet and Outlet 2. The current experiment showed that, after filtration, 99.0% ±0.3% (n=3) of 3 µm beads and 100% (n=3) of 10 µm beads were filtered from initial particle-laden fluid solution. 
Separation of particles
Once the applied voltage is over 33 V p-p , beads having 10 μm in diameter pass through the gap between the microposts and right sidewall of the channel whereas 3 μm beads cannot. As a result, fluid containing 3 μm beads was collected from Outlet 1, while 10 μm beads go through the Outlet 2. The separation experiment was conducted at a voltage of 36 V p-p and the results are shown in Fig. 6 a, b and c. As shown in Fig. 6a , the two size particles were completely separated. To quantify the separation performance, particle purity (collected target particle number/collected total number 41 ) and separation efficiency (collected target particle number/input target particle number 42 ) were measured. Fig. 6b and c show the fluorescent images of beads collected from Outlet 1 and Outlet 2, respectively. After sorting, the 10 μm beads were collected from Outlet 2 with a separation efficiency of 100% and a purity of 98.6 ± 0.8%, whereas for the 3 μm particles, a separation efficiency of 99.4 ± 0.2 % and a purity of 100% were recovered from Outlet 1. To demonstrate the capability of our device that can separate other particle sizes, a mixture of 5 and 10 µm particles was introduced into the microchannel at a voltage of 39 V p-p (Fig. 6d) . Although increasing the voltage could not change the lateral positions of 5 µm particles a lot, a higher voltage enabled small particles (5 µm particles) focus well in the latter section of the channel. Therefore, the separation of 5 and 10 µm particles was performed at 39 V p-p . Fig. 6e and f show the separated beads collected from Outlet 1 and Outlet 2, respectively. By the separation process, 5 µm particles were separated at the Outlet 1 with a purity of 96.6% ± 1.2%. The separation efficiency for 5 µm was 98.5 ± 0.5%. A particle population was collected from the Outlet 2 that held 90.9 ± 2.3% 10 µm particles. Up to 86.2 ± 3.0% of 10 µm particles were separated from their initial particle suspending. High separation performance was achieved because polystyrene particles with different size were pre-separated after entering the latter section of the channel. Both small and large particles were well focused in the front section of the device at 36 V p-p and their equilibrium positions were slightly different with each other (See supplementary information Fig. 2) . The relative distance between these two trajectories can be further enlarged after entering the latter section due to the spreading flow profile at the junction of the front and latter section. Then, the microposts served as a re-purifying unit to remove the unseparated small particles from Outlet 2 43 . The special design makes the hydrodynamic resistance of Outlet 1 higher than that of Outlet 2. This mismatched pressure allowed a small amount of liquid to be withdrawn through the spaces between microposts to Outlet 1, which brought a small amount of the unseparated small particles into the Outlet 1. Therefore, the particles were separated with high separation efficiency and purity. Additionally, this device has the potential to separate three or more different size particles as the lateral positions of beads in the channel are size-dependent. 
Conclusions
An integrated DEP-active hydrophoretic device has been developed in this study for particle separation and filtration. A mixture of 3 and 10 μm polystyrene particles were used to test the performance of this device. Both 3 μm and 10 μm beads can be filtered from particle suspending in the filtration mode, while they can be separated by the micro-posts embedded in the microchannel in the separation mode. In filtration mode, 99.0% ±0.3% of 3 µm beads and 100% of 10 µm beads were filtered from initial particle-laden fluid solution. In separation mode, the 10 μm beads were collected from Outlet 2 with a separation efficiency of 100% and a purity of 98.6 ± 0.8%, whereas for the 3 μm particles, a separation efficiency of 99.4 ± 0.2 % and a purity of 100% were recovered from Outlet 1. A mixture of 5 and 10 µm particles was well separated in this integrated device, which proved that the relatively small size difference of the particles can be separated readily. This integrated microfluidic device has practical potential to a critical component in advanced lab-on-a-chip devices, which could be utilised for sample preparation and clinical diagnosis.
